We characterize changes in isomeric states of the retinylidene chromophore during light-dark adaptation and photochemical reactions of Anabaena (Nostoc) sp. PCC7120 sensory rhodopsin (ASR). The results show that ASR represents a new type of microbial rhodopsin with a number of unique characteristics. The three most striking are: (i) a primarily all-trans configuration of retinal in the dark-adapted state and (ii) a primarily 13-cis light-adapted state with a blue-shifted and lower-extinction absorption spectrum, opposite to the case of bacteriorhodopsin; and (iii) efficient reversible light-induced interconversion between the 13-cis and all-trans unphotolyzed states of the pigment. The relative amount of ASR with cis and trans chromophore forms depends on the wavelength of illumination, providing a mechanism for single-pigment color sensing analogous to that of phytochrome pigments.
We characterize changes in isomeric states of the retinylidene chromophore during light-dark adaptation and photochemical reactions of Anabaena (Nostoc) sp. PCC7120 sensory rhodopsin (ASR). The results show that ASR represents a new type of microbial rhodopsin with a number of unique characteristics. The three most striking are: (i) a primarily all-trans configuration of retinal in the dark-adapted state and (ii) a primarily 13-cis light-adapted state with a blue-shifted and lower-extinction absorption spectrum, opposite to the case of bacteriorhodopsin; and (iii) efficient reversible light-induced interconversion between the 13-cis and all-trans unphotolyzed states of the pigment. The relative amount of ASR with cis and trans chromophore forms depends on the wavelength of illumination, providing a mechanism for single-pigment color sensing analogous to that of phytochrome pigments.
In addition ASR exhibits unusually slow formation of L-like and M-like intermediates, with a dominant accumulation of M during the photocycle. Co-expression of ASR with its putative cytoplasmic transducer protein shifts the absorption maximum and strongly decreases the rate of dark adaptation of ASR, confirming interaction between the two proteins. Thus ASR, the first nonhaloarchaeal sensory rhodopsin characterized, demonstrates the diversity of photochemistry of microbial rhodopsins. Its photochromic properties and the position of its two ground state absorption maxima suggest it as a candidate for controlling differential photosynthetic light-harvesting pigment synthesis (chromatic adaptation) or other color-sensitive physiological responses in Anabaena cells.
Over the past 5 years microbial genomics has revealed a large family of photoactive, seven-transmembrane helix, retinylidene proteins called microbial (or type 1) rhodopsins (1) in phylogenetically diverse species including haloarchaea (2), proteobacteria (3, 4) , cyanobacteria (5), fungi and algae (6) (7) (8) . The best characterized are the first discovered members of this family found in Halobacterium salinarum over 20 years ago: the light-driven ion pumps bacteriorhodopsin (BR) and halorhodopsin (HR), and the phototaxis receptors sensory rhodopsins I and II (SRI and SRII). Nearly all of our knowledge of properties of type 1 rhodopsins (such as isomeric configuration and conformation of their chromophore, photochemical reactions, lightinduced conformational changes in the protein, and function) has been obtained from these four related pigments from H. salinarum.
To examine the diversity of properties of the family, now known to be present in eubacteria and eukaryotic microorganisms as well as Archaea (1) (2) (3) (4) (5) (6) (7) (8) , studies of non-haloarchaeal pigments are needed. Anabaena sensory rhodopsin (ASR) is well suited for exploration (5) . It is the first known prokaryotic sensory representative outside of haloarchaea, and its function appears to involve activation of a cytoplasmic transducer, unlike SRI and SRII, which transmit signals to other integral membrane proteins (methyl-accepting taxis transducers) in a molecular complex.
Recently, an atomic structure of ASR and color-sensitivity of its retinylidene chromophore isomeric structure were reported (9) . In this study we present analysis of lightdark adaptation in ASR, which shows that the pigment undergoes inverse (as compared to BR) changes in isomeric configuration of its retinal chromophore. Our measurements also confirm and extend characterization of photochemical reactions of the pigment and its interaction with a proposed water-soluble transducer (5). The results reveal fundamental differences from the haloarchaeal rhodopsins in these basic properties, and illustrate the intriguing diversity in photochemistry of the rapidly expanding type l family.
Materials and Methods
ASR expression and purification -Echerichia coli transformants were grown in Luria-Bertani (LB) medium in the presence of ampicillin (50µg/ml) at 37 o C. Constructs used to express the ASR with and without the co-transcribed 14 kDa soluble proteins were the same as described earlier in E. coli strain UT5600 and/or BL21 (5). For purification of ASR, a truncated form containing residues 1-239 with a C-terminal hexahistidine tag was used. Cells containing the plasmid were cultivated on a gyratory shaker at 180 rpm and induced at A600= 0.4 by addition of 1mM IPTG and 5µM all-trans retinal. Cells were harvested 4hrs post-induction and used for membrane preparation as described (5) . For optical measurements cells were washed and transferred to buffer containing 10 mM NaCl, 0.5 mM MgCl 2 , 0.05 mM CaSO 4 , 3 mM Tris or 1 mM HEPES, adjusted to desired pH.
Membrane preparations from cells expressing ASR apoprotein without retinal were used for pigment reconstitution using all-trans retinal as described (10) . Reconstituted membranes were used for retinal extraction.
For protein purification, membranes were solubilized in 1% octyl glucoside or 1% dodecyl maltoside (DDM) with 300 mM sodium chloride, 10 mM imidazole and 50 mM Tris, pH 6.8 (or 8.0) containing 1mM PMSF. Detergentextracted protein was bound to Ni-NTA beads, which were then washed with 20 and 50 mM imidazole in the same buffer and the protein was eluted with 200 mM imidazole. The eluted protein was concentrated and dialyzed to remove excess detergent and imidazole.
Purified protein, membranes and intact cells of E. coli with expressed ASR after at least 1 hour under white fluorescent room light at room temperature were considered as lightadapted. For full dark adaptation the samples were incubated in darkness overnight at room temperature. To facilitate light adaptation in some experiments (e.g. extraction of retinal) the samples were illuminated from a 150W halogen bulb illuminator using white or >520 nm heatfiltered light for 2 min.
Absorption and flash-photolysis measurements -Absorption spectra in the UVvisible range were measured on a Cary 4000 spectrophotometer (Varian, Palo Alto, CA). For membranes and intact cells samples an integrated sphere attachment was used. The rate of light-dark adaptation was determined as the dependence of the amplitude of the differential (A max -A min ) spectra on time fitted with an exponential function. For determination of the dependence of the ratio of two forms on the wavelength of pre-illuminating light the value of the absorption at the maximum of the differential spectrum (560 nm for purified protein) was used.
Flash-induced absorption changes were acquired on a laboratory-constructed cross-beam flash-photolysis system as described (11) . The actinic flash was from a Nd-YAG pulse laser (Continuum, Surelight I; 532 nm, 6ns, 40 mJ). Signals from the photomultiplier were amplified by a low-noise current amplifier Keithley 428 (Keithley Instruments Inc. Cleveland, OH), digitized by a DIGIDATA 1320A at 4 µs/point and stored in a PC using the Clampex 8.0 program (both from Axon Instruments, Foster City, CA). 20 to 100 transients obtained with a 5-s flash interval were averaged. To minimize excitation artifacts equal amounts of signals with the measuring beam blocked (scattered light) were averaged and subtracted from the measuring beam-monitored signals. The Clampfit 9.0 program (Axon Instruments) was used for data analysis.
Retinal-isomers determinationPurple membranes consisting of BR and lipid and reconstituted ASR membranes were used for retinal extractions using the method of (12) with modification. 200 µl membrane samples were mixed with 600 µl of ice-cold ethanol followed by 400 µl hexane with vortexing. Phases were separated by centrifugation for 2 minutes at 1350 rpm and extracted retinal isomers in the top layer (hexane phase) were carefully withdrawn. The extracted retinal was dried with Argon-gas stream and dissolved in EtOH before subjecting to HPLC or in some cases for storage at -80 o C. The extraction procedure was conducted in the dark. The extracted retinal samples were analyzed on a Partisil-5 (Whatman Inc.) analytical column on a Waters Delta600 HPLC equipped with PDA detector and EMPOWER software. The solvent used for HPLC run was 97.5 % hexane, 1.5% EtOH and 1% ethyl acetate at a flow rate of 1ml/min and the progress of each chromatogram was monitored at 360 nm. Relative amount of isomers were calculated as areas under the peaks and corrected for their extinction coefficients.
All data presented here were analyzed, fitted and plotted using the Origin 7.0 program (OriginLab Corp., Northhampton, MA).
RESULTS

Light-dark adaptation in ASR is opposite to that of BR
The absorption maximum of purified ASR protein in 0.1% DDM adapted to white day light for one hour is ~541 nm. Upon darkadaptation the absorption maximum shifts to 547 nm and its maximum extinction increases (Fig.  1A) . Similar dark adaptation of ASR takes place in isolated E. coli membranes, although the absorption maxima of the light-and darkadapted forms are shifted to longer wavelengths by 2-5 nm (Fig. 1B) . These changes are opposite to those which occur in dark-adaptation of BR (13) (14) .
Light-adapted minus dark-adapted differential spectra in ASR and BR are mirror symmetrical including the fine structured β-bands between 350 and 450 nm characteristic of the trans/cis isomerization of retinal, indicating the inversed as compared to BR (15) direction of changes in isomeric configuration during dark adaptation in ASR (Fig 1C) . Light adaptation in BR is known to transform its retinylidene chromophore from a partially 13-cis to essentially completely all-trans-form (12, 14) . The mirror symmetric spectral changes in ASR indicate that in contrast to BR, light converts ASR to a predominantly cis form. Due to the longer wavelength absorption of ASR in the E. coli membrane than in the purified protein, the positions of the minima and maxima in the differential spectra in membranes are shifted to longer wavelengths (from 470 and 560 nm to up to 494 and 568 nm, respectively). Similar differential spectra were obtained in whole cells (see below).
Dark adaptation follows monoexponential dependence with time constant ~1.5 hour in purified protein and more than 2 hours in membranes at neutral pH (Fig. 1D) . Identity in the kinetics of spectral changes in the main and short-wavelength absorption bands indicate that both bands result from the same transition, and therefore the absence of long-living intermediates participating in the observed spectral changes during dark adaptation.
The inversed directions of dark adaptation in ASR and BR is also confirmed by mirror-symmetrical FTIR spectra of their lightminus dark-adapted forms in ASR and BR (V. Bergo, personal communication). According to FTIR and the recent structural data (9), 13-cis and all-trans isomers are in 15-syn and 15-anti conformations, respectively.
Extraction of retinal from dark-adapted purified protein and membranes of E. coli in the dark-adapted state produced 67% of ASR in the all-trans and 33% in the cis configuration ( Fig.  2A) . In the light-adapted state, in contrast to BR, in which illumination converts the pigment ~100% to the trans-form (Fig. 2B) , 80% of ARS is present in the 13-cis form. The ratio of 13-cis to all-trans forms is increased by lightadaptation of ASR by nearly an order of magnitude, whereas in BR it drops close to zero (Fig 2C) . Based on these data the individual absorption spectra for all-trans and 13-cis forms of ASR were calculated (Fig. 2D) . The absorption maxima of these forms in purified protein are at 550 nm and 537 nm, respectively, and the maximum extinction of the 13-cis-form is ~20% lower than that of the all-trans-form.
Photochromicity of ASR
The relative amounts of retinal isomers in light-and dark-adapted forms can be monitored by the absorption at the maximum of the differential spectra (560 nm for purified protein). Illumination of ASR with long wavelength light (580 nm), preferentially absorbed by the dark-adapted (trans) form converts it to the blue-shifted light-adapted (cis) form (Fig. 3A) . Symmetrically, illumination with short wavelength light which is better absorbed by the cis-form converts it partially back to the trans-form. Changes in the absorption at 560 nm between orange-and bluelight pre-illuminated ASR are 15-20% of that during full dark adaptation. The normalized differential absorption spectrum between ASR adapted to different wavelengths is identical to the differential absorption spectrum of dark adaptation, which excludes that the observed absorption changes are due to accumulation of long-lived intermediates of the ASR photochemical reaction cycle (Fig. 3B) .
We measured the ratio of cis and transforms of purified ASR by the difference in absorption at 560 nm after illumination with light of various wavelengths. The ratio was calculated from the absorbance at 560 nm after the illumination and was plotted as a function of the wavelength of illumination (points in Fig.  3C ). Light fluences above the saturating intensities for this effect were used. In the same figure, the ratio of the absorption values of the spectra of the light-and the dark-adapted sample is shown. The near-perfect fit of the two dependencies in purified ASR (i.e. the amplitudes of the light-induced changes (points) and the ratio of the spectra (line)) shows that the transition between the cis and trans forms depends only on their relative absorption at particular wavelengths, providing a basis for an efficient color sensing mechanism, similar to that in the phytochrome system (16) (17) (18) . The maximum amount of cis-form is accumulated at 580 nm and the minimum amount at 470 nm in purified protein. In membranes the absorption spectra of light-and dark adapted forms are shifted to longer wavelengths (Fig. 1B) . Consequently, the color sensitivity of ASR in its native state, presumed to be more similar to ASR in E. coli membranes than in a purified state, is expected to be shifted to 600 nm and 480 nm, as shown by the dashed line (Fig. 3C) .
The photochromicity of ASR with an action spectrum corresponding to the ratio of the absorbances of cis-and trans-forms (Fig. 3C) indicates that the efficiency of cis-to-trans and trans-to-cis photoconversions are of the same order of magnitude. Averaged extinction of the cis-form of ASR through the visible region is 1.17-fold lower than that of the trans-form. However, its photostationary concentration is 3.9-fold higher under the white illumination (Fig.  2) . This means that the quantum yield of photoconversion from the ASR form with transretinal to the form with cis-retinal is ~3.3-fold higher than the quantum yield of the opposite photoconversion. This is an essential difference from BR, in which light-induced conversion of the light-adapted (trans-form) to 13-cis-form ("dark adaptation by light") can be observed only in partially dehydrated films (19, 20) , water glycerol suspensions of wild type and in some mutants (21, 22) or in purple membrane and monomeric BR in detergent under very high intensity red light inducing a two-quantum process (23) . Under physiological conditions continuous illumination (light adaptation) of BR rapidly accumulates nearly 100% all-trans chromophore.
The photochemical reaction cycle of ASR
According to the retinal extraction data in white light-adapted ASR the amount of the cis-form is ~4-fold higher than that of the transform (Fig. 2) and the rate of dark adaptation is in the range of hours (Fig. 1D) . The ratio of transto cis-form extinctions at 532 nm is only 10% lower than that averaged through the visible spectrum (Fig. 1A) . Therefore repetitive flashexcitation with 532 nm from a Nd-YAG-laser with 5-sec intervals might be expected to accumulate mostly the 13-cis species, and the weak measuring light used during flash photolysis would not be expected to M formation and decay rates are strongly pH-dependent (Fig. 5A) . The titration of the rate of M rise indicates a proton acceptor with pK a ~8.1 (Fig. 5B) , nevertheless approximately half of M formation can still be observed in intact cells of E. coli at strongly acidic conditions (down to pH ~3) (Fig. 5A) . Thus, two proton acceptors may be involved in deprotonation of the Schiff base. Alternatively, the proton acceptor in ASR has a very low pK and the ~15-fold increase in the rate of M formation with pK a ~8.1 may be due to the strong influence of other groups on its proton affinity, as has been found for BR (15, 24) . The rate of M decay titrates at more acidic pH than the rise (Fig. 5B) .
It is not clear to what extend the complex fine structure in flash-induced differential spectra (Fig.  4A) , multicomponential kinetics of absorbance changes (Fig. 4B ) and possible existence of two proton acceptors (Fig. 5) are attributable to the presence of two isomeric form of ASR in the lightadapted sample.
The effect of the putative ASR transducer on ASR spectral properties and dark-adaptation
A 14 kDa soluble protein encoded in the ASR operon in the Anabaena chromosome has been shown to accelerate M decay of ASR and is a likely transducer for ASR signals (5). The putative soluble transducer decreases the rate of dark adaptation of ASR in cells of E. coli ~1.7-fold (Fig. 6) .
In highly scattering cell suspensions the exact positions of the absorption maxima of ASR and ASR co-expressed with 14 kDa protein are difficult to compare. Nevertheless, a long wavelength shift in the differential light-minus dark-adapted sample is evident in the presence of the 14 kDa protein (Fig. 6, insert) . The position of the maximum changes in absorption upon dark adaptation of ASR in E. coli cells is close to that in membranes (~567 nm, see, Fig.  1B ). Co-expression with 14 kDa protein shifts it to 572 nm, indicating an absorption spectrum shift upon interaction of the two proteins.
DISCUSSION
The data above show that ASR represents a new type of microbial rhodopsin with a number of unique characteristics. The two most striking are: (i) light adaptation converts most of the pigment to a 13-cis form, opposite to the case of BR; and (ii) efficient reversible light-induced conversion takes place between cis and trans unphotolyzed states of the pigment, providing color-sensitive ground-states analogous to those in phytochrome pigments.
The existence of an unprotonated Schiff base species (M) and unidentified red shifted intermediates in the photochemical cycle of ASR has been shown earlier (5) . In the present study with high time-resolution flash-photolysis we detected and kinetically characterized K, L, M and O intermediates. The most remarkable feature of the ASR photocycle is the unusually slow formation of the L and M intermediates, which takes at least an order of magnitude longer time than in BR. A dominant accumulation of M during the photocycle was observed. The existence of two populations of ASR in the light-adapted state with cis-and trans-retinal does not allow assigning the observed spectral changes to each of them in this study.
ASR, the first non-haloarchaeal sensory rhodopsin characterized, therefore demonstrates the diversity of photochemistry of the microbial rhodopsins. The physiological function of ASR is not yet known, but in cyanobacteria several physiological processes depend on light in the region of ASR absorption (5). For example, cyanobacteria adjust the pigment composition of their photosynthetic light-harvesting complexes based on the color of available light, a phenomenon called chromatic adaptation (25) . Action spectra for chromatic adaptation show that orange-red light stimulates synthesis of phycocyanin, whereas shorter wavelength green light activates synthesis of phycoerythrin. This color-sensitive pigment synthesis is generally assumed to be based on participation of two competitive receptor pigments with orange-red versus green absorption maxima. However, the properties of photochromic ASR show that it is possible that such color sensing could be achieved by a single photoreceptor, namely ASR in its two photointerconvertible ground states. The ratio of cis-and trans-forms of ASR could in principle serve as a signal for the chromatic adaptation response, their relative amounts being controlled by the color of illumination. The signaling mechanism could make use of either the ratio of the two unphotolyzed forms or photochemical reaction of one of the forms, since in both cases the photointerconversion between the cis and the trans forms of the pigment depend on the light quality. The former mechanism would have an advantage of eliminating the "light intensity noise", detecting only the spectral composition of illumination, but not the fluctuation of its intensity (e.g. during the day cycle).
In Anabaena the ASR gene is encoded in an operon containing a second gene, which encodes a water-soluble 14 kDa protein. The 14 kDa protein has been shown to bind to ASR in E. coli cells as well as in vitro and has been suggested to be a cytoplasmic transducer for ASR signals (5).
Our measurements here confirm the interaction by revealing effects of the 14 kDa protein on ASR properties. Coexpression of ASR with the 14 kDa protein significantly decreases the rate of dark adaptation (Fig. 6) , and the differential spectrum of light-dark adaptation in intact cells of E. coli with co-expressed ASR and 14 kDa protein is shifted ~5 nm to longer wavelengths from that for ASR expressed alone (Fig. 6, insert) . Also we confirm an effect of the putative transducer on photocycle rate as reported by Jung et al.,
(5) (data not shown).
A functional role for light-dark adaptation and photochromicity of ASR has not been demonstrated, but color-discrimination in the region of the spectrum to which ASR responds would be useful for chromatic adaptation in the photosynthetic light-harvesting system as well as for correlated physiological responses. Detailed action spectroscopy and genetic analysis of physiological responses are necessary for testing this hypothesis. Fig. 1 . A, Absorption spectra of purified ASR during dark adaptation. The first spectrum (lowest solid line) was recorded after 1 hour illumination, and later spectra (upper solid lines) recorded after 20-min intervals. Absorption spectra of all-trans and 13-cis forms of purified ASR, calculated on the basis of the relative amount of isomers in light-and dark-adapted samples, are shown by upper and lower dashed lines respectively. B, Absorption spectra of dark-adapted (solid lines) and light-adapted (dashed lines) ASR in detergent (thin lines) and membranes of E. coli (thick lines). C, Light-adapted minus dark-adapted differential spectra for purified ASR (thick solid line), ASR in membranes of E. coli (thin solid line) and BR (dashed line). D, Kinetics of dark adaptation in purified ASR (circles) and membranes (squares) measured as the amplitudes of absorbance changes in the main (filled symbols) and short-wavelength (open symbols) absorption bands. Fig. 2 . Extraction of retinal isomers from dark-adapted (solid lines) and light-adapted (dashed lines) ASR (A) and BR (B); C, ratio of concentrations of cis-to trans-isomers in dark-adapted (solid column) and light-adapted (patterned columns) pigments. Fig. 3 . A, Photoconversion between cis-and trans-forms of ASR during the adaptation to 580 nm (dashed arrows) and 460 nm (solid arrows) monochromatic light. 60-sec illumination was applied at the times indicated by the arrows. The relative amount of the two forms was detected by the absorbance at 560 nm (wavelength of maximum difference between absorption of the isomeric forms). Absorbance changes were normalized so that the full amplitude of transition between the sample after illumination with 580 nm and after full dark adaptation is 100%. B, Normalized differential absorbance spectra of light-dark adaptation (solid line) and orange-blue adaptation (dashed line). C, Ratio of absorption spectra of lightand dark-adapted ASR in detergent (solid line) and membranes of E. coli (dashed line) and the dependence of the absorption at 560 nm in purified isolated protein on the wavelength of pre-illumination of the sample (filled dots). 
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